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ABSTRACT

Detonating solid plastic bonded explosives (PBX) formulated with the insensitive molecule
triaminotrinitrobenzene (TATB) exhibit measurable reaction zone lengths, curved shock fronts, and regions of
failing chemical reaction at abrupt changes in the chargmetep A recent set of “hockey puck” experiments
measured the breakout times of diverging detonation waves in ambient temperafilifé925 % TATB plus 7.5%

Kel-F binder) and the breakout times at the lower surfaces of 15 mm thidk ld¥scs placed belv the detonater

booster plane. The LA7 detonation waves in these discs grow outward from the initial wave leaving regions of
unreacted or partially reacted TATB in the corners of these charges. This new experimental data is accurately
simulated for tk first time using the Ignition and Growth reactive flow model for1X which is normalized to a

great deal of detonation reaction zone, failure diameter and diverging detonation data. A pressure cubed dependence
for the main growth of reaction rate ks excellent agreement with experiment, while a pressure squared rate
diverges too quickly and a pressure quadrupled rate diverges too slowly in-the h&{ow the booster equatorial

plane.



INTRODUCTION

It has long been known thaelfsustaining detonation waves in solid plastic bonded explosives (PBX)
formulated with the insensitive high explosive molecule triaminotrinitrobenzene (TATB) exhibit regions of zero or
partial chemical reaction in spherical divergent or corner turnipgranents [1]Recently proton radiography [2]
and FabnyPerot laser interferometry [3] have applied to diverging detonations in PBX 9502 (95% TATB and 5%
Kel-F binder) and LX17 (92.5% TATB plus 7.5 % Kd¥), respectively, to quantify the amount of umted
explosive left at a corner and to measure the buildup of the detonation wave as it approaches its steady state
ChapmarJouguet (€J) velocity and pressure. Since not all detonation reactive flows can be measured
experimentally, hydrodynamic computerde models based on the Zeldovicton Neumann Doring (ZND)[4-6]
and curved detonation front theories [7] have been developed to describe the unreacted shock front state, usually
called the von Neumann spike, the reaction rates behind the shock lierEJtstate attained after reaction is
complete, and the subsequent expansion of the reaction products. The Ignition and Growth reactive flow model [3,8
27] has long been used to predict detonation wave propagation and metal acceleration in seyénal- @l
threedimensional hydrodynamic computer codes.

Recently a new experiment was developed by Roeske [28] to measure not only divergencé&7of LX
detonation waves from a hemispherical booster but the growth of the wave into an adjoining selckeh7of
located below the detonatbposter plane. These charges are called “hockey pucks” due to their size and cylindrical
shape. This paper compares {imensional Ignition and Growth reactive flow modeling of the-1Xambient
temperature detonationawe breakout times with those measured in two different sized hockey puck experiments.
Three reaction rate laws were used to illustrate the sensitivity of the calculated breakout timing.

LX-17 HOCKEY PUCK EXPERIMENTAL GEOMETRIES

The LX-17 hockey pok experiment with the 25.4 mm wide aft section is shown in Fig. 1. Th&7X
main charge consisted of a cylindrical sample with a cylindrical cutout on axis terminated in a hemispherical cutout
to accept the booster and detonator. ThisllZXcylinder wa 55.4 mm long with a 15 mm long cylindrical cutout.
Two diameters of LXL7 were used: a 88.8 mm diameter in which the section aft of the booster was 25.4 mm wide
and a 63.4 mm diameter in which the aft section width was 12.7 mm. The boosters werenh9r@8ius
hemispheres of Ultrafine TATB with hemispherical cutouts to accept hemispherical detonators. The streak camera

diagnostic measured the breakout times of thellZXdetonation waves on the back surfaces behind the



detonator/boosters and along theter edges of the LA7 cylinders. The distance coordinates shown in Fig. 1 are
used throughout this paper. The distances along the badk Isxirface vary from eithet12.7 mm o~25.4 mm to

zero mm and then are positive along the outerllZXsurfacesso that 15 mm represents the Ultrafine TATB
equatorial position. Optical pins were placed at the outer edges of the Ultrafine TATB boosters to give initial times
for the onset of the LX7 detonations at the corners of the boosters. Crystal pins vaeedplirectly in line with

the initiation points and measured steady stafedg&tonation velocities in L7 along the charge axes. Three X

ray heads were fired at different time to obtain snapshots of the “dead zones” produced inlthsdiXples just

beyond the boosters [29]. The experimental streak camera breakout times for the 12.7 mm and 25.4 mm aft sections
are shown in Fig. 2. The diverging X7 detonation waves above 15 mm in Fig. 2 slowly accelerate from 7.48
mmijus to 7.68 mmds, the Ultrafim TATB and Lx17 GJ detonation velocities, respectively. The arrival times

from 0 to 15 mm measure the growth rate of these diverging detonation waves into the aft sections. The arrival times
at the rear boundaries of the 1I¥ from-12.7 mm to 0 mm anffom —25.4 mm to 0 mm in Fig. 2 describe the
growth of the LX17 waves around the unreacted or partially reacted regions formed at the Ultrafine TATB-booster
LX-17 boundaries. This new experimental data represents a unique challenge forlthddniion and Growth

reactive flow model, which is described in the next section.

THE IGNITION AND GROWTH REACTIVE FLOW MODEL

All reactive flow models require as a minimum: two equations of state, one for the unreacted explosive and
one for its raction products; a reaction rate law for the conversion of explosive to products; and a mixture rule to
calculate partially reacted states in which both explosive and products are present. The Ignition and Growth reactive
flow model (14) uses two Jon&¥ilkins-Lee (JWL) equations of state, one for the unreacted explosive and another

one for the reaction products, in the temperature dependent form:

p=AeRV+BeRV +uc, TV (1)
where p is pressure in Megabars, V istigk volume, T is temperature,is the Gruneisen coefficient,ds the
average heat capacity, and A, B, &d B are constants. The unreacted explosive equation of state is fitted to the

available shock Hugoniot data, and the reaction product equatistate is fitted to cylinder test and other metal
acceleration data. At the high pressures involved in shock initiation and detonation of solid and liquid explosives,

the pressures of the two phases must be equilibrated, because interactions betlwetgakes and the explosive



molecules occur on nanosecond time scales depending on the sound velocities of the components. Various
assumptions have been made about the temperatures in the explosive mixture, because heat transfer from the hot
products tathe cooler explosive is slower than the pressure equilibration process. In this version of the Ignition and
Growth model, the temperatures of the unreacted explosive and its reaction products are equilibrated. Temperature
equilibration is used, becauseat transfer becomes increasingly efficient as the reacting “hot spots” grow and
consume more explosive particles at the high pressures and temperatures associated with detonation. Fine enough
zoning must be used in all reactive flow calculations sotti@tesults have converged to an answer that does not
change with finer zoning. Generally this requires a resolution of at least 10 zones for the detonation reaction zone.
LX-17 has an experimentally measured reaction zone length of approximatelgnthr3] so using 10 zones per

mm spreads the reaction over 30 zones. For these and previcdamevsional LX17 Ignition and Growth
detonation calculations, there are small differences between calculations using 5 zones per mm and those using 10
zones pr mm and no observable differences between calculations using 10 zones per mm and those using 20 zones
per mm. The DYNA2D [30] calculations reported herein used 10 zones per mm for both hockey puck dimensions.

The Ignition and Growth reaction rate egjon is given by:
dF/dt = I(F)P(p/po-1-a)% + Gy (1-F)CFdpY + Gp(1-F)erdp? )
0<F<Fgmax 0<F<Rs1max Feomin<F<1
where F is the fraction reacted, t is timaus) p is the current density in g/Cnpg is the initial density, fis pressure
in Mbars, and |, @, Gp, a, b, ¢, d, e, 9, X, Y, Zighax Foimax @nd Fsomin are constants. This thrégrm reaction rate

law represents the three stages of reaction generally observed during shock initiation and detonation of pressed solid
explosives (17). The first stage of reaction is the formation and ignition of “hot spots” caused by the various
possible mechanisms discussed for impact ignition as the initial shock or compression wave interacts with the
unreacted explosive moleculesGenerally the fraction of solid explosive heated during shock compression is
approximately equal to the original void volume. For shock initiation modeling, the second term in Eq. (2) then
describes the relatively slow process of the inward and/or outgmrdth of the isolated “hot spots” in a
deflagrationtype process. The third term represents the rapid completion of reaction as the “hot spots” coalesce at
high pressures and temperatures, resulting in transition from shock induced reaction to detonatio

For detonation modeling, the first term again reacts a quantity of explosive less than or equal to the void

volume after the explosive is compressed to the unreacted von Neumann spike state. The second term in Eq. (2)



models the fast decomposition thie solid into stable reaction product gases (GO, N,, CO, etc.). The third

term describes the relatively slow diffusion limited formation of solid carbon (amorphous, diamond, or graphite) as
chemical and thermodynamic equilibrium at the) Gtate isapproached. These reaction zone stages have been
observed experimentally using embedded gauges and laser interferometry.

The Ignition and Growth reactive flow model has been applied to a great deal of experimental shock
initiation and detonation data ing several one two-, and threedimensional hydrodynamic codes. In shock
initiation applications, it has successfully calculated many embedded gauge, run distance to detonation, short pulse
duration, multiple shock, reflected shock, ramp wave compresai@ divergent flow experiments on several high
explosives at various initial temperatures (heating plus shock scenarios), densities, and degrees of damage (impact
plus shock scenarios). For detonation wave applications, the model has successflédiiedadcnbedded gauge,
laser interferometric metal acceleration, failure diameter, corner turning, converging, diverging, and overdriven
experiments [3,27].

The Ignition and Growth Ultrafine TATB and X7 model parameters used in these calculationsséed |
in Table 1. They were previously applied to FaBgrot laser interferometric Ultrafine TATB booster divergence
experiments and several LX7 detonation experiments, including “snowball” divergence and failure diameter.
Since the detonation wavesthe Ultrafine TATB boosters are curved and exhibit delays at the corner, reactive flow
modeling of the booster is essential. The Ultrafine TATB was ignited by point lightihdefonation in a 6.65 mm
radius hemisphere of PBX 9407 whose reaction proddt- equation of state is listed in Table 1. Zero time for the
calculations is assumed to be the time of emergence of the Ultrafine TATB booster detonation wave intbthe LX
at its equator. This corresponds to the breakout times measured by thepapdisiown in Fig. 1. The calculated

breakout times for detonating LX7 for both hockey puck widths are compared to experiment in the next section.

COMPARISION OF EXPERIMENTAL AND CALCULATED BREAKOUT TIMES

Comparisons between the experimental ardutated breakout times along the 11X sample perimeters
are shown in Figs. 3 and 4 for the 12.7 mm wide and 25.4 mm samples, respectively. For both widths, the calculated
breakout timing along the outer edge of the- 1 Xcylinders from the Ultrafine bster equator (15 mm) to the top of
the charge agrees well with experiment, because this model has already been shown to predict the breakout times and

the pressures and particle velocities of building-1X detonation waves measured in Fabeyot experimets



[3,26]. The good agreement between experiment and calculation for the 0 to 15 mm distances in Figs. 3 and 4
implies that the model reactions are correctly simulating the growth of the diverging mdin wxve into the aft
sections below the boostegueator. The main comparisons are along the aft boundaries of th& cKarges from

12.7 mm to 0 mm in Fig. 3 are£5.4 mm to O mm in Fig. 4. In Fig. 3, the calculated breakout times at the edges (
12.7 mm and 0 mm) agree well with experiment. Theutatied minimum breakout time is about 3j&lat—4 mm,

while the experimental minimum breakout time of 3jgloccurs at3 mm. Since there is some uncertainty in both

the experimental and computational zero times, this agreement is considered veryFgodtle 25.4 mm wide

sample in Fig. 4, the calculated minimum breakout time is @s3dt—13 mm and the corresponding experimental

time is 3.57us at—14 mm. Thus the calculated minimum breakout time for the 12.7 mm wide sample is slightly
greater tha that measured experimentally, while the calculated minimum breakout time for the 25.4 mm wide
sample is slightly less than that measured experimentally. Both calculated first breakouts occur within one mm of
those measured experimentally. Therefore lipeition and Growth LX17 detonation reactive flow model
reproduces the experimentally measured breakout times for both hockey puck dimensions. The calculated unreacted
or partially reacted regions of l-X7 produced at the boostenft sample interfaceare very similar to the denser
regions shown on the-kKays taken during these experiments [29], as they have been for many years on Phermex X
rays [1] and proton radiographs [2]. Figures 3 show the unreacted LX7 region formed in the one inch wide
hockey puck experiments at 5.5, 6, and @sbafter initiation, respectively (2.735, 3.235, and 3.j/A85fter the

booster detonation wave breaks out at the equator). The contours marked “a” represent complete reaction, while
contours marked “b” represent 80 % reaction in Figs.75 The slowefinal 20% reaction is generally believed to

be due to solid carbon particle formation [31]. The dimensions are in centimeters in Figssdbthe calculated

LX-17 reaction zone is 2:63 mm wide in most of the reactive flow and wider in regions ofjirerity.

The close agreement between the Ignition and Growth calculations and the experimental breakout times is
not accidental. These calculations used a pressure cubed growth of reaction rate for the second term in Eq. 2. Other
pressure dependencifes this reaction rate, even when normalized to failure diameter and diverging detonation data,
do not yield good simulations of these hockey puck experiments. Figures 8 and 9 show the breakout times calculated
with pressure squared rates with £1100and pressure quadrupled rates using=@3000 rates along with the
experimental data and the pressure cubed results for the 12.7 mm wide and 25.4 mm wide samples, respectively. All

three reaction rates predict the breakout times of the divergintj7Laves well in the 15 mm to 45 mm regions.



However, the pressure squared rate turns the corner much too easily and breaks out too eaflg.inmma to 15

mm region of Fig. 8 and the25.4 to 15 mm region of Fig. 9. Very little unreacted-1Xis predictd at the booster
—LX-17 corner. The pressure quadrupled rate diverges poorly in the -4ff Is¥ction and arrives late in th&2.7

to 0 mm region in Fig. 8 and th&5.4 to 0 mm region in Fig. 9. In fact, the calculated arrival times of 4.3 {t54.9

in the—10 to—25.4 mm region of Fig. 9 are due to an unreacted shock front decaying from about 10 GPa to 5 GPa as
it runs ahead of the detonation wave that is attempting to turn back into that region. A region of unreddted LX
much larger than thosgbserved in corner turning experiments on TAGdsed PBX’s is predicted by this reaction

rate law. Therefore pressure cubed is the correct dependence for the Ignition and Growth reaction rate law for
detonating LX17. These hockey puck experiments pded the clearest experimental data yet obtained for

differentiating between various reaction rate laws in hydrodynamic reactive flow models.

CONCLUSIONS

The recent LX17 hockey puck experiments provided unique data on the cornenguatiility of
insensitive TATBbased high explosives for testing the reaction rate dependencies used in hydrodynamic reactive
flow models. This data was accurately calculated by the Ignition and Growth model using a pressure cubed reaction
rate law for tle growth of reaction in the LA7 detonation reaction zone. Reaction rates based on pressure squared
and pressure quadrupled predicted too early and too late breakout times, respectively, on the back surface of 12.7
mm and 25.4 mm wide LA 7 samples. Tluthe LX17 Ignition and Growth model with a pressure cubed rate law
appears to be well suited to modelH{LX detonation waves in any enéve , or threedimensional geometry. These
hockey puck experiments were fired at ambient temperature, and additiokay puck experiments will be fired at
cold (55'C) and at warm (+75°C) temperatures. Ignition and Growth reaction rate parameters for cold and warm
LX-17 have been developed based on failure diameter and diverging detonation tests [26], and testing these
parameters against hockey puck experital data is critical to assure their usefulness.

The phenomenological Ignition and Growth has proved its basic validity and applicability to shock
initiation and detonation modeling for many years. However, it must-pareemeterized for each initiagdsity and
temperature. Additionally, its compression and pressure dependent reaction rates are only approximate, because all
chemical reaction rates depend on the local temperature of the explosive molecules that are currently undergoing
reaction in thehottest regions of the reactive flow. A Statistical Hot Spot reactive flow model [32] has been

developed in the ALE3D hydrodynamic code that is based on Arrhenius temperature controlled reaction rates. This



model has already reproduced shock desensgitivakperimental data that other reactive models can not. Statistical
Hot Spot model parameters for detonating-1 X will be developed when all the various initial temperature hockey

puck experiments have been conducted.
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Table 1. Ignition and Growth Parametersfor LX-17 and Ultrafine TATB

A. 25°C LX-17

UNREACTED JWL

A =778.1 Mbar

B =-0.05031 Mbar

R1=11.3

Ro=1.13

o =0.8938

Cy= 2.487x10° Mbar/K

T, = 298K

Shear Modulus = 0.0354 Mbar
Yield Strength = 0.002 Mbar

po =1.905 g/crﬁ

PRODUCT JWL

A = 14.8105 Mbar

B = 0.6379 Mbar
R1=6.2

R2=2.2

=05

Cy= 1.0x1G° Mbar/K

Eg = 0.069 Mbar

Calculated Failure Diameter = > 12 mm and < 13 mm

REACTION RATES

1=4.0x10° ps1
a=0.22

b=0.667

x=7.0 Figmaxz 0.02
G1= 4600 Mbardus1
c=0.667
d=1.0
y:30 FGlmaX: 0.8
G2=30 Mbarlps?!
e=0.667 z=1.0
g=0.667 FGmin =0.8

Other Reaction Growth Parameter Sets y =2 and G=1100; y =4 and = 23000

B. 25C Ultrafine TATB

UNREACTED JWL

A =632.07 Mbar

B =-0.04472 Mbar

R1=11.3

Ro=1.13

®=0.8938

Cy= 2.487x10° Mbar/K

T, = 298K

Shear Modulus = 0.030 Mbar
Yield Strength = 0.002 Mbar

Po = 1.80 glcm

PRODUCT JWL

A = 1205026 Mbar
B = 0.602513 Mbar
R1=6.2

R2=2.2

»=0.5

Cy= 1.0x1G° Mbar/K

Eg = 0.069 Mbar

C. GJ Detonation Parameters for PBX 9407

po = 1.60 g/cm3
A =5.73187 Mbar

D =0.791 cmis
B = 0.14639 Mbar
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REACTION RATES

1=4.0x10° ps1
a=0.22

b=0.667

x=7.0 Figmaxz 0.071
G1=2200 Mbarlps1
c=0.667
d=1.0
y:20 FGlmaX: 1.0
G2=60 Mbarlys?!
e=0.667 z=1.0
g=0.667 FGmin =0.8

Pc.;=0.265 Mbar
R, =46

Eo = 0.086 Mbar

R,=1.4 ®=0.32



FIGURE CAPTIONS

Figure 1. Experimental geometry for the 25.4 mm widelZxhockey puck

Figure 2. Experimental breakout times along thelZXperiméers for the 12.7 mm and 25.4 mm wide hockey pucks
Figure 3. Experimental and calculated breakout times along thE7Lpérimeter for the 12.7 mm wide hockey puck
Figure 4. Experimental and calculated breakout times along thE7Lperimeter for the 25m wide hockey puck

Figure 5. Fraction reacted contours for the 25.4 mm wide hockey puck@fer initiation (2.73%s after booster
breakout)

Figure 6. Fraction reacted contours for the 25.4 mm wide hockey pusck@er initiation (3.23%s after booster
breakout)

Figure 7. Fraction reacted contours for the 25.4 mm wide hockey puck@tter initiation (3.735us after booster
breakout)

Figure 8. Calculated breakout times using pressure squared, pressure cubed, and pressure quadrupled reaction rates
for 12.7 mm wide LX17

Figure 9. Calculated breakout times using pressure squaredjrpreabed, and pressure quadrupled reaction rates
for 25.4 mm wide LX17

13



Streak camera view (3us window)

Figure 1. Experimental geometry for the 25.4 mm widellZxhockey puck
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Figure 3. Experimental and calculated breakout times along tHE7LX
perimeter for the 12.7 mm wide hockey puck
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Figure 4. Experimental and calculated breakout times along tHE7LX
perimeter forthe 25.4 mm wide hockey puck
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QuickTime™ and a
Photo - JPEG decompressor
are needed to see this picture.

Figure 5. Fraction reacted contours for the 25.4 mm widd ZXockey
puck 5.5us after initiation (2.73%is after booster breakout)

18



QuickTime™ and a
Photo - JPEG decompressor
are needed to see this picture.

Figure 6. Fraction reaction contours for the 25.4 mm widellDtockey
puck 6us after initiation (3.23%us after booster breakout)
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QuickTime™ and a
Photo - JPEG decompressor
are needed to see this picture.

Figure 7. Fraction reacted contours for the 25.4 mm widd ZXockey
puck 6.5us after initiation (3.73%is after booster breakout)
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Figure 8. Calculated breakout times using pressure squaredjrpress
cubed, and pressure quadrupled reaction rates for 12.7 mm wid@ LX
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Figure 9. Calculated breakout times using pressure squared, pressure
cubed, and pressure quadrupled reaction rates for 25.4 mm wAd@& LX
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